Experimental evidence for the formation of stripe phases in Si/SiGe 
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We observe pronounced transport anisotropics in magneto- 
transport experiments performed in the two-dimensional elec- 
tron system of a Si/SiGe heterostructure. They occur when 
an in-plane field is used to tune two Landau levels with oppo- 
site spin to energetic coincidence. The observed anisotropics 
disappear drastically for temperatures above 1 K. We propose 
that our experimental findings may be caused by the forma- 
tion of a unidirectional stripe phase oriented perpendicular to 
the in-plane field. 

PACS numbers: 73.20.Dx, 73.40. Hm, 71.70-Di, 73.40.Lq 



Two-dimensional electron systems (2DESs) in high 
magnetic fields show many interesting fundamental ef- 
fects. Widely known is the quantization of the energy 
spectrum into discrete Landau levels (LLs). For high 
magnetic fields the electron-electron interaction becomes 
important and novel states emerge. One of the most 
prominent of such features is the fractional quantum Hall 
effect (FQHE) Q where new collective quasi-particles for 
electrons in the lowest two LLs appear. 

For higher LLs it has been proposed that an ordered 
charge density wave forms an energetically lower lying 
state compared to the FQHE states |^||. In the situ- 
ation when a higher LL is half filled the electrons ar- 
range in stripes where the LL considered is either to- 
tally full or totally empty. Experimental evidence for the 
existence of such a stripe phase at half LL filling was 
found recently by several groups in 2DESs of very high 
mobility GaAs/AlGaAs heterostructures With an 

additional magnetic field Bi p parallel to the 2DES the 
orientation of the stripes can be tuned to the direction 
perpendicular to B ip 

In this Letter we report on magneto-transport experi- 
ments in the 2DES of a Si/SiGe heterostructure. Adding 
an in- plane field Bi p , with the normal field component 
left constant, two neighboring LLs with opposite spin 
can be tuned to half filling simultaneously. We will show 
that huge maxima in the Shubnikov-de Haas (SdH) oscil- 
lations appear if the current direction / is oriented along 
Bip. Such an enhancement of the SdH-maxima is not ob- 
served when / is oriented perpendicular to B ip . We will 
propose the formation of a unidirectional " stripe phase" 
to explain the experimentally observed huge transport 
anisotropics and possible physical origins of the stripe 
formation will be discussed. 

Our sample is a Si/SiGe heterostructure with a 25- 



nm thick strained Si channel embedded between two 
Sio.7Geo.3 barriers gj. The electrons are provided by 
doping the top barrier with Sb starting 12 nm away from 
the Si channel. The resulting band-structure leads to a 
high mobility 2DES formed in a triangular potential at 
the heterojunction between the Si channel and the top 
SiGe barrier (electron concentration n = 7.2 x 10 15 m~ 2 , 
mobility fi = 20 m 2 /Vs). In order to perform transport 
experiments a 100-^m wide Hall bar was patterned on 
the sample along the [110] direction. 

In a magnetic field the energy level structure of the 
2DES consists of discrete LLs at energies En — (N + 
l/2)(heB n /m*), where N = 0,1,2,... is the LL index, 
B n is the field component perpendicular to the 2DES and 
to* = 0.19m e is the effective electron mass in Si. Each LL 
is split into two spin levels, En, s = En ± \g* PbB. Here 
s — T / I denotes the spin orientation, g* is the effective 
Lande factor, and B is the total magnetic field. Addition- 
ally, each spin level consists of two distinct valleys pC| ] 
resolved as individual levels in transport experiments in 
Si/SiGe heterostructures @|2j. 

With a magnetic field oriented perpendicular to the 
2DES the longitudinal resistance p xx displays Shubnikov- 
de Haas (SdH) oscillations, see Fig. la, bottom trace, 
where p xx is plotted as a function of the LL filling factor 
v = hn/eB n , where B n is the normal field component 
with respect to the orientation of the 2DES. The SdH- 
oscillations are characterized by pronounced minima at 
filling factors v = A(N + 1) = 4, 8, 12, 16, etc. Here the 
Fermi level Ep is situated inside the gap between two 
neighboring LLs N and N + 1. Additional minima occur 
at v = 2+4A = 2, 6, 10, 14, 18, etc. when E F is positioned 
between the two spin-split sub-levels inside a LL TV. For 
the two lowest LLs N — and N — 1 also the valley 
splitting is resolved visible as minima at v = 3, 5, 7, and 9. 

The experiments described in this Letter use tilted 
magnetic fields. Before analyzing the results we will 
shortly introduce into the coincidence technique used in 
such experiments [H . More details concerning the spe- 
cific experiment can be found in [Q. The main idea of 
this technique lies in the possibility of modifying the LL 
structure of a 2DES in a perpendicular magnetic field B n 
by adding an additional in-plane field Bi p . For simplicity 
we will first not consider valley splitting in the following 
description. 

In our Si/SiGe structure the spin splitting without in- 
plane field amounts to approximately one third of the LL 
splitting. Adding Bi p with B n constant leaves the ener- 
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getic position of the center of a LL constant. However, 
the spin splitting AEz = g* [J-bB between two spin-split 
levels (N,1) and (N,l), depends on the total magnetic 
field B = (B 2 n + Bf p y/ 2 , and thus increases when adding 
an in-plane field. 

The resulting energy level structure is illustrated in 
Fig. lb, supposing a constant effective g-factor g* = 3.5 
corresponding to the situation where the spin splitting 
equals one third of the LL splitting in a perpendicular 
field. In fact, g* in Si/SiGe heterostructures is also de- 
pendent on the LL filling as well as on the strength of 
the in-plane field. For illustration purposes we do not 
take into account this complication, see Rcfs. pl| , p^| , pT[ 
for more details. 

The LL energy sn,s (in units of heB n /m* , bottom axis) 
is plotted as a function of the total field (normalized to 
the normal field component B n , left axis). Each spin- 
split level consists of two valley sub-levels marked as two 
parallel lines in the figure. An increase of the total field 
while leaving B n constant leads to a relative increase of 
the spin splitting AEz compared to the LL splitting hu c . 
As soon as AEz equals huj c two neighboring LLs with 
opposite spin, (N + 1, !) and (N, f), are situated at the 
same energy, they coincide. As a consequence, the Fermi 
energy at filling factors v = A(N + 1) = 4, 8, 12, 16, 20, 
etc. is no more situated in a gap but inside these degen- 
erate levels. The pronounced minima in p xx at filling 
factors v = 4(N + 1) change into maxima. This coinci- 
dence is found experimentally at a tilt angle d = 72.4°, 
see Fig. la, where SdH maxima are found at filling factors 
v — 8, 12, 16, and 20. In the data presented in the figure 
no coincidence maximum can be seen at v = 4. In fact a 
very pronounced SdH maximum only appears in a very 
narrow angle range around i?* = 70°. This observation 
will be analyzed in more detail below. 

Higher-order coincidences occur when the spin split- 
ting equals an integer multiple of the LL splitting. In 
particular the second-order coincidence is found exper- 
imentally at d = 80.5° when AEz = 2hco c . Now the 
(N + 2, 1) and the (N, f ) levels coincide at filling factors 
v = 2+4(A^+l) etc. and maxima appear at v — 10, 14, 16, 
and 22 in Fig. la. Again the expected coincidence at 
v = 6 is not visible in the data presented, see below. 

As already stated above, the first-order coincidence at 
v = 4 was not observed in the traces in Fig. la. There- 
fore, we will analyze this range in more detail in the fol- 
lowing. In Figs. 2a and 2b a color contour plot of p xx is 
shown when moving through the coincidence, with some 
selected traces in Figs. 2c and 2d. 

The most striking feature is the appearance of a 
strongly pronounced transport anisotropy as a function 
of the orientation of the in-plane field measured in the 
same Hall bar. This anisotropy has been reproduced ex- 
perimentally in several cool-down cycles of the sample 
and on different voltage contacts of the Hall bar. 

Before the coincidence (z? = 68.5°) the SdH-oscillations 
of p xx look similar for both orientations of Bi p with 
respect to the current direction, see bottom traces in 



Figs. 2c and 2d. The slight differences are most proba- 
bly due to slightly different 2DES properties originating 
from different cool-down cycles. When moving towards 
the coincidence by increasing z9 drastic differences start 
to appear. For Bi p \\ I a huge maximum in p xx develops 
reaching peak values of more than 13 kS7 at d — 69.98°. 

Also for Bip _L / the coincidence shows its presence 
by the disappearance of the v = 4 minimum, but no 
unusual enhancement of p xx is observed. In contrast, the 
magnitude of the SdH maximum inside the coincidence 
is with less than 1 kil even lower than the typical peak 
values of p xx outside the coincidence. 

Similar huge transport anisotropies with a strong en- 
hancement of p xx are observed when the spin-up level of 
the lowest LL is coinciding with a higher LL with oppo- 
site spin. Experimentally we find this behavior for the 
second-order coincidence at v = 6, where the N = and 
the N = 2 LLs are coinciding, and indications for it for 
the third-order coincidence at v = 8 At all these 

positions huge in-plane fields Bi V > 20 T are present. 

As already shown in Fig. 1 no spectacular effects oc- 
cur when only higher LLs are involved in the coincidence 
where the parallel field component is comparably lower. 
This statement also remains true for third and higher- 
order coincidences not shown in the figure. 

In order to further investigate the properties of the 
electron system for the first-order coincidence at v = 4 
we have performed temperature dependent experiments 
for the two orientations of the in-plane fields shown in 
Fig. 3. In the insets the temperature dependence of the 
dominant SdH peak in the center of the coincidence is 
displayed. The strongly enhanced maxima in p xx for 
the first-order coincidence at v = 4 with Bi p \\ I dis- 
appears for temperatures larger than 1 K. With Bi V ± / 
the suppression of p xx weakens in the same temperature 
range. Now p xx approximately doubles its value when 
the temperature is increased from 0.45 K to above 1 K, 
see Fig. 3b. 

In order to explain our experimental findings we 
propose that during the coincidence, where the huge 
anisotropy appears, a unidirectional stripe phase oriented 
perpendicular to the in-plane field is formed. In such a 
picture transport along the stripes would be facilitated 
and transport across the stripes would be obstructed. 

We suggest that the effects observed are caused by the 
successive depopulation of an initially totally filled LL 
(N, t) with the simultaneous filling of the initially empty 
LL (N+l, |). In the center of the coincidence two charge- 
degenerate LLs are half-filled. The particularity of this 
half filling points to possible similarities with recent ex- 
periments concerning a single half-Gllcd higher LL in very 
high mobility GaAs/GaAlAs structures 

Considering that the mobility of these GaAs-based 
2DESs is nearly two orders of magnitude higher than in 
our Si/SiGe structures it is at first sight rather astonish- 
ing that we are able to observe any stripe phases at all. 
However, the additional valley splitting in Si/SiGe struc- 
tures can lead to a much more complex phase diagram 
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as compared to GaAs. In this respect it is interesting to 
state that the typical size of the valley splitting is compa- 
rable to the disorder broadening of an individual valley- 
and spin-split LL. Therefore, the presence of two valleys 
may well stabilize a possibly existing stripe phase with 
respect to disorder. 

Without considering valley splitting in detail, a charge- 
homogeneous spin-density phase was shown to be unsta- 
ble with respect to a first order phase transition into a fer- 
romagnetic state with one completely filled LL jl6) . Such 
a transition was also found experimentally in the 2DES 
of a GalnAs/InP heterostructure jL7|. However, this 
result does not exclude a stable charge-inhomogeneous 
state. Since the spin and orbital degrees of freedom are 
rigidly coupled to each other, both charge-density wave 
and spin-density wave order parameters are finite in this 
type of ground state. Preliminary theoretical consider- 
ations suggest that the charge-inhomogeneous Hartree- 
Fock state in a half-filled higher LL may survive the ad- 
dition of electrons from the half-filled LL below . 

From the temperature dependence shown in Fig. 3 we 
can estimate the typical correlation energy for our pro- 
posed stripe phase to be on the order of 0.1 meV. In this 
respect a stripe phase would be energetically favorable if 
the energy separation of the two Landau levels involved in 
the coincidence is smaller than the correlation energy. At 
low temperatures where the stripes are formed transport 
across the stripes is obstructed and as a consequence the 
resistance increases drastically with decreasing tempera- 
ture as soon as the stripe phase starts to form. Transport 
along the stripes would be facilitated compared to a ho- 
mogeneous electron distribution, the resistance decreases 
with decreasing temperature. 

The correlation energy for a stripe formation can be de- 
duced independently from the narrow angle range where 
the coincidence between the two levels (0, f) and (1,1) 
appears, approximately ±0.3° around = 70°. At a 
constant filling factor v = 4 (corresponding to a nor- 
mal field B n — 7.5 T ) the energy separation of the two 
levels, AE = Eq^ — E\,i changes from —0.07 meV to 
+0.07 meV in a single particle picture. Here AE = 
g*/iBB n (l/ cos?9 — 1/costfJ) is defined by the relative 
change of the Zeeman energy of the two levels, g* = 
2 (m/m*) cos??* = 3.6 is the effective g-factor at v = 4 
deduced from the position of the first-order coincidence 
at $* = 70°. In other words correlations between the 
levels become important as soon as their energetic sepa- 
ration gets below the correlation energy. 

Since the energy gain for forming our proposed stripe 
phase is of the order of the typical valley splitting [ p]Jl2[ 
it is worthwhile speculating that the stripes are due do 
a redistribution of electrons between different pockets in 
fc-space and the interaction between these valleys dur- 
ing the coincidence. Without any doubt a detailed theo- 
retical consideration of the complex energy-level struc- 
ture including valley splitting is necessary to indicate 
more clearly the existence of stripe phases in Si/SiGe 
heterostructures. 



The proposed stripe formation might be supported by 
a geometrical modulation of the Si quantum well and 
the adjacent SiGe barriers. The linearly graded relaxed 
buffer is known to relax by long misfit dislocations dis- 
tributed over the whole thickness of the graded buffer 
part (l9) . Each dislocation creates a double atomic height 
step on the surface, dislocation multiplication can lead to 
a pile-up of these surface steps. This is the origin of the 
cross-hatch surface morphology, which is oriented along 
the [110] directions, as are the misfit dislocations. Pref- 
erential growth on surface steps smears out the surface 
steps, which leads to a smoothly varying modulation of 
±2 nm with an average period of 1.3 /mi for the cross 
hatch (measured with an atomic-force microscope on the 
surface of the heterostructure). 

This surface morphology can be viewed as a slight 
modulation of the orientation of the 2DES. A strong in- 
plane field will then lead to a modulated tilting angle 
along B ip . As a consequence stripes perpendicular to 
Bi p will form where the energetically lower lying LL is 
either the (N, f) level or the (N + 1, j) level. 

As an example we regard again the first-order coinci- 
dence at v — 4 at an average angle d\ = 70°, see Fig. 2. 
Due to the modulation of •&, the occupation of the two 
LLs involved in the coincidence is modulated along Bi p . 
Already a modulation amplitude of less than 0.6° would 
be sufficient to form stripes with alternating filling of the 
two LLs. Due to the cross-hatch pattern in the dislo- 
cation this stripe formation is most pronounced if the 
B ip is oriented along [110] or [110], respectively, the two 
orientations chosen in the experiment. 

In conclusion we have observed strong anisotropies 
induced by an in-plane field in the magneto-transport 
properties of coinciding Landau levels in the 2DES of 
a Si/SiGe heterostructure. We propose that they are 
caused by the formation of a unidirectional stripe phase 
formed by electrons from two Landau levels with oppo- 
site spin. From temperature dependent experiments we 
deduced a typical correlation energy on the order of 0.1 
meV for the formation of the stripe phase. 
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FIG. 1. (a) Resistivity p xx as a function of the filling factor 
v for tilt angles $o — 0°, $i = 72.4° (first-order coincidence) 
and 1? = 80.5° (second-order coincidence), 
(b) Landau-level structure at constant normal field B n as a 
function of the total magnetic field B (in units of B n ). The 
numbers indicate the even integer filling factors where coinci- 
dences occur. At the horizontal line marked i?o the magnetic 
field is oriented perpendicular to the 2DES, the lines marked 
$i and $2 sketch the angle positions where the first- and the 
second-order coincidences are found. 
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FIG. 2. top: Color contour plot of p xx in the first order 
coincidence around v = 4 on a logarithmic scale from 100 Q 
(blue) via 1 kfi (green) to 10 kfi (red). Values lower than 
100 fi and missing values are violet, values higher than 100 kfi 
are dark red. In (a) the in-plane field Bi P is oriented along 
the current in (b) Bi P is perpendicular to the current. 
bottom: Selected traces of p xx in the coincidence for the two 
orientations of the in-plane field. The curves are shifted for 
clarity. 
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FIG. 3. Temperature dependence of p xx in the first-order 
coincidence at v — 4. In (a) the in-plane field is parallel to 
the current in (b) Bi V is perpendicular to /. The insets show 
the temperature dependence of the dominant SdH for both 
field orientations. 
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